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Introduction

This report suimarizes work carried out under grant number AF-AFOSR-719-65.

Most of the effort was devoted to obtaining a better understandfrg of the be-

havior of cuprous oxide at high temperatures with special reference to the

electrical properties and defect structure. In this work we were lead to an

investigation of other transition metal oxides. This phase of the work is being

continued under grant number APOSR-68-1371 so that in some re!ýPeto this docu-

ment wilJ. be in the nature of a progress report. This is true aiso-because a

considerable amount of the early effort was devoted to construction of apparatus

that will be used in subsequent work under the new grant.

In subsequent sections we summarize the main achievements of the work.

Included as an appendix are

(a) Diffusion in Oxides aud Sulfides pi- 4ented at the Internatiomlal

Symposium on Sintering and Related Phenomena at Notre Dame Uniiversity. As the

publication of the proceedings of this symposium has been delayed the manu-

script is included nere for wider circulation.

(b) Preprints of two papers Just completed and to be published as part of

the Proceedings of the Symposium on Transport in Oxides held at N.B.S. this

ui=zth (OctobeL 1967).

Studi•s on Cuprous Oxide

The major effort here involved construction of an A.C. Hall effect apparatus

for measurements on low mobility materials at high temperatures. The main re-

sults of mesurements on pure crystals have been published - "High Temperature

Hall Effect in Cuprous Oxide" by H. L. M*Kinzie and M. O'Keeffe and will not

be dircussed tarther here.

Two types of thermogravimetric measurement have been made with cuprous

oxide. In the first the kinetics of vaporization were studit4 in various



atmospherec. The results of this work were presented at the International

Symposium on Kinetics of Ionic Reactions at Alfred, N.Y. and will appear in

the published proceedings.

Attempts were elso made to study the kinetics of change of stoich ometry

of the oxide following a rapid change of composition of the surrounding at-

mosphere. Thp rapid rate of weight loss by evaporation precluded meaningful

measurements so an electrical method was developed for making these studies.

The results of this work are included in this report as an appendix.

Studies with other Oxides

The interdiffusion studies by thermogravimetric means have been extended

to wdstite (FeOx). Here there is considerable interest in the effect of defect

interactions in this very non-stoichiometric compound. Again a preliminary

account of this work is included with this report.

Finally an extensive set of measurements have been made on the thermo-

electric power and conductivity of manganous oxide (NhO). To a certain extent

these measurements have been overlapped by the work of Red and Tannhauser

(J. CMem. Piys. AD 2090 (1967)). Hbwe¢r there are still some puzzling problema3

In the interpretation of these results and their analyais is not yet complete.

It is hoped that experiments now underway with doped crystals will shed more

light on this problem.
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Over the last ten or fiftcen years a large body of experimental data

has been accumulating on diffuision in oxides and, to a lesser extent, in

•,• sulfides. In this review these data are collected together) and an attempt

•,• is made to indicate t;,io more interesting of recent developments.

In contrast to, say, the alkali halides, the oxides present ani enormous

Svariety of materials with very different properties so that it is difficult

to treat the subject in general terms. Because of this diversity of behavior

too, there has been little tendency to Ptudy any one system in depth, so

that despite the number of systems that have been studied, it is probably

true that in no instance is our knowledge~the nature and mobility of de-

fects as complete as it is for example in KCl or AgCl.

In an atteMt to systematise the discussion, it is convnient at the

outset to divide oxides and sulfides into three broad types as follows:

A. Materials with a very small concentration of native defects. "Very

small' iny be taken to mean less than that detectable by conventional

chemical means (say < .010). Under this classification will come the

oxides and (to a lesser' extent) the sulfides of the metals of the first

three groups of the periodic table. rAi20, MgO, A12 03, MRS, etc.

B. Materials in which the defect concencration is more readily measurable,

but in which the defects may be considered to be in dilute solution

(say .01 to 1%). These materials will be largely transition metal

compounds in which more than one cation valency is possible. Ex-

amples are: CoO, NIO, Cu•O.

C. Materials with a large (> 1%) concentration of defects. Well known

examples are TiO, FeO, FeS.

The d&+inction between types B and C has recently been elaborated on

by Anderson. W It is to be understood that the classification above is
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very rough and ready and that a given material y vell fall into different

types according to conditions of temperature and ambient atmosphere.

We will now discuss diffusion problems that are pe. liar to each type

separately.

Me A

Materials falling under this heading will have a very low concentration

of native defects, which may therefore be expected to show nearly ideal be-

havl.or., and there is little doubt that diffusion in a monocrystal will occur

by a defect mechanisii.

However, for this type of oxide there is a large experimental obstacle

to the understanding of the defect structu.ro and hence of diffusion mech-

anisms. This is, of 2ourse, the problem of obtaining crystals of suf.icient

purity that intrinsic properties of the cryostal can be studied. For mate-

rials of this type the energy of formation of a defect is very large. If

we accept 2ev Ps a plausible value for the energy of formation of a de-

fect,(2) then the impurity concentration, c, expressed as a fraction of

total sites will be

c - exp (-2ev/kT) -O"8 at i0o'C

It v1_1 require only a very small concentrttion of im.urities (e.g. Fe3+

in i 0 or A13+ in Ti0 2 ) to produce defect concentrations greatly in excess

of this intrinsic concentration in the pure crystal. It is very likely,

thenj, that defect controlled properties such as self diffusion viii be

determined by the fortuitous defect concentration. This in made clear by

the work of Wertz and his collaborators who have made an exto-sive study

of defects in F•gO and concluded in 1962(3) 'To our knovlerge, no M1O

crystals have ever been grovn which did not show an ESR absorption by one



-3-

or more impurity ions. In the best specimen we have observed thus far, iron

was present to the extent of 3 parts per million. It is likely, therefore,

that many of the clectronic properties of magnesium oxide measured to date

are to a serious degree affected by the presence of impurities. In addi-

tion to direct effects of the ions themselves, one has indirect effects

arising from positive-ion vacancies ascribable to the presence of trivalent

ions.'

In the same vein, attention is drawn to the work of Kanzaki and co-

vorkers(4) who notice significant effects of impurities on ionic conductivity

of KC1 with divalent impurity concentrations as low as 0.01 p.p.m.

Despite these rather pessimistic remarks, it is worth enquiring in gen-

eral terms what type ol behavior is expected of oxides of different struc-

tural types. Let us conisider for example some simple oxides of general

formula 120, HO and MO2 and en•airz as to whether anion or cation mobility

will be the greater.

If the crystals are considered to be an array of charged ions, it is

fairly clear that a very important factor in determining the type and mo-

bility of defect in the crystal will be the variation of the electrostatic

potential (the Madelung potentiai) from point to point in the crystal.

The electrostatic 1;otential at an ion site in a simple ionic crystal

me• readily be evaluated in terms of certain lattice sums(5). Values that

are typical are given for three oxides in Table 1. In the table 0€ and

#A are the electrostatic potentials at a cation and anion site respectively

arising from the presence cf all the other ions In the crystal.

The sIgnificance of these potentials is as follows. The work necessary

to remove an ion from the otherwise perfect crystal is -Z# where Z is the

charge on the Ion. ZO veries roughly as z2 (cf Table 1). As a result ve



Table 1

Electrostatic potentials at ion sites in oxides

Oxide Stru~cture '0 (volts) OA (volts) -Zc~a(eV) _ZAA (0V)

Na2o anti-fluorite -lo.6 10.' ao.6 38.4-

oo rock salt -23.9 23.9 47.8 4T.8

ZrO2 fluorite -3. 3.2 1T2.4 46.4



might expect that the formation of defects in which cations are absent from

their regular sites, will most readily occur when the cation charge is small

Alternatively, if cation and anion vacancies are present in equal numberA

(Schottky defects in a stoichiometric crysý_il) one would expect cation mo-

bility to be greatest when the cation charge is small.

In the actL.l energetics of the formation and migration of defects in

Ionic crystals, relaxation (i.e. polarization) of the crystal around the

defect w•1.E be very important. In general polarization will favor the for-

mation and migration of vacancies of the less polarizable "on (normally

this the cation) so that in MO (and possibly even in K,0o3) as well as

ii rcr M20., cation diffusion Is likely to be more rapid than anion diffusion.

"j Conversely for M02 a•nd higher oxides it is expected that anion diffusion

IdX be more rapid.

Extension of this type of arguenmt suggests that the same general rule

will also apply to non-iftoichiometric crystals.

It should be remarked that, given the problem of obtaining sufficiently

purk, crystals, a profitable course to pursuc with this type of oxide would

be to deliberately dope the crystal with altervalent impurities. There

appears to have been very little work done along these lines (with the ex-

ception of work. on certain f.uorite-type oxides rmntioned below) in con-

trast to the very extensive work reported vi doped alkali halides. It would

be very interesting to study, for example,, V•0 dope-d with small quantitier

Fbr this type of oxide (type A) there In the attractive feature that

electronic conductivity is sometimes negligibly small compared vith ionic

conductivity. It is usually true also (as discuszed above) that one Ion

Is consi4ermb.Ly more mobile than the other. If xhis 13 the case, the
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diffusion coe~fficient D, for the most mobile species is readily obtained

from the conductivity a using the Nernst-Einstein equation (6)

D/u - PT/(Kq') ()

Here N is the number per unit volume of ions of fharge q. j is a nmerical

factor ,- the correlation factor - introduced to take into account that suc-

cessive jumps of the defect may not be entirely random. Normally j is close

to unity. (7

It must, of course, be established that the conductivity is ionic. This

has been done for remarkably few oxides. Transport numbers can, however, be

measured fairly readily from e.m.f. measurements. Consider for example a

concentration cell of the typ:

e; o2(P1 ) J oxide Pt, 02(P2 )

If the oxide were an ionic conductor the e.m.f. of the cell would be

given by the familiar Nernst equation:

Eionic - (kT/q) ln (P1/P?)Y 2  (2)

If, on the other hand, there were an appreclably electronic conduction,

this would have the effect of partially 'short circultina' the cell and the

e.u.f. vould be reduced to (8)

E- t1 i oni (•)

vhea t 1 Is the Ionic transport number. Schnaari•e ) has .eeuntly given

a detalei discusaion of this type of measurement and results for several

As an examle of the utility of electrical measurements of this type

ve y• take as an eample the results obtained cc the aixed oxide Zr IxCaXO2 .x.
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For tkie oxide the ionic transport number is unity, and the oxygen ions are

the mrszt mobile species. D for oxygen has been measured directly by tracer

methods (see Table 3) and is in excellent agreement with that calculated

from electrical conductivity using equation (1). (10) The importance of trans-

port number measurements is illustrated by results for Th02 -Y2 03 solid so-

lutions which might be expected to behave very similarly to ZrO2 -CaO, but

'which in fact showed predominantly electronic conductivity. (1) Similar

measurements have also been made on pure MZ0 but with conflicting reeults. (12)

For this type of oxide the situation is rather different. Here devi-

ations from stoichiometry are sufficiuently large that the native defect con-

centration is far greater than the normal lcvel of foreign atom concentration

in the absence of deliberate doping. In these materials too, the conductiv-

Ity is almoct certainly electronic.

In several instances it has proved possible to measure departures from

stoichiometry, either by chemical means (e.g. by analysis for Co3+ in

CO x ÷(13)) or gravimetrically (e.g. for Cu2O+x(14) ). If it is assumed

that one type of ionic defect predominates in the material, the analysis

vill give the defect concentration directly. As an example, if the only

ionic defect in Coolx were cation vacancies (as is thought to be the case),

then there are x vacancies per cobalt ion.

In general the diffusion coefficient D is given in terms of the atom

fraction c1 of defects responsible :or diffusion by

D -f Dici (4)

Bere D, is the diffusion coefficient for the defect and f is the correlation

factor mentioned already. Knc".ledge of ci therefore enzbles D1 to be
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calculate, Zrom the tracer diffusion coefficient D.

For a dilute solution of defects we can express the temperature and

pressure dependexice of ci in terms of thermodynamic quantities as follows.

We take as an example an oxide MO in which cation vacancies and M3+ ions are

formed in incorporating an excess of oxygen. In terms of Kroger's notation

the reaction is

1/20 2 -0 >0 + V +h ()

Here 0 is an oxygen ion on an oxygen ion site. V is a vacancy made by re-
0m

moving a M atom from a metal ion site. We have assumed that this vacancy is

'ionized', I.e. that it has lost one of the positive charges associated with

this site. The positive charge is represented by h* - it may alternatively

be thought of as a M3+ ion in the crystal. The equilibrium constant for the

reaction (5) is

K = exp (- G o\ a(h*) a(Vr) a( 0  (6)
kZIRRT)[a(02)] M ,2 0

The activity of uo is constant and may be chosen to be unity. For a

dilute solution, we may replace the activity of defects by concentrations:

a(VM) a(h') e (7)

and

a(02) P2 (8)

From(6), (T) and (8) we have i=ediatelyj i '- (-.'/2n) P0 / (9)

N4ote that AG* Is the standard free energy change for reaction (5).

At constant oxygen presisure we have
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b In ci a -AHO (10)

AIH is now the standard enthalpy change of reaction (5), or stated differ-

ently AH* is the heat of solution of 1 g. atom of oxygen in MOI+x.

Note that.if, instead of reaction (5) ve had the vacancy doubly ionized:

1o2 02 -- > M, + 2h" (n)

then a would be given by

1/16, F (1/4)1/ exp (-Y:/3RT)P1/6 (12)

In general
ci exp (-AG*/nR') Po 1/ (3

and

B In ci •

where, as before, Ah" is the heat of solution of 1 g. atom of oxygen in the

oxide. The value of n can be determined from the oxygen pressure dependence

of ci (equation (13)).

D, will likewise depend on temperature. A convenient expression for

Di Is given by the transition state theory of Eyring.(15)

Di - (kT/h) a2 p((•sý/R` exp (-&Hý/Pf) (15)

01 ard AH*may be thought of as respectively the entropy and enthalpy

of activation for the elementaxy jump procesa in diffusion, a is the jup

distance and k and h are Boltzmann's and Planck's constants respectivel•°.

From equuticn (4), (13) and (15) it is clear that if cI and D are known

as functions of temp.w:ature, AH*, All.1 ASO and ASf may be found.



Data for several oxides have been analyzed by O'Keeffe and Moore(14).

Table 2 lists AH*, AH@, AS* and ASO for oxides in which cation vacancies

are supposed to be the major defect. Note that in the table AH* and ASO

refer to the formation of I mole of vacancies so that in the case of

6H! is one half of the heat of solution of a gram atom of oxygen. This

arises quite simply as in Cu2 0 there are two cation sites for each oxygen

site.

Referring to Table 2, it can be seen that ASI is small. This is to be

expected for diffusion by a point defect mechanism involving very few atoms

in the elementary jump process. For the isomorphous series of monoxides.

A0 varies only very little; this is a valuable confirmation of the correct-

ness of the assumption that diffusion is by the same mechanism in all these

oxides.

Turning now to the quantities for formation of a vacancy, it may be

seen thmat., in contrast to AHt, AHH varies very dramatically, and it is

instructive to see why this should be so.

We consider vacancies to be formed by the overall reaction (5) (this

is confirmed by the oxygen pressure dependence of cj found for CoO). Now

in terms of the 'real' charges in the crystal M202 reaction (5) is

1 /2 02 ~02 + + (59)

which may be broken down into the following steps:

(a) &~-+ -> V. + Mgagas

(b) 2e" *' 1/2 02 02 "gas

(c ) W~* + 02- + 00-
gas gas t



Table 2

Thermodynamic quantities for formation and migretion of deiects in several oxides

Oxide HH

Mne 0

FeO 30 -28

CoO 27 -0.8 10 -12

Nio 23 (-1) 'o (-14)

CU2 0 12 -1.5 22 4.9

Note: Enthalpies in kcal mole E1, =.rtropies in cal deg mole

a reference (100)

I -
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(d) VM1 - '4  + e

For the closely related series of oxides MnO. CoO, FeO, NiO, the energy

involved in each of the steps (a) - (d) would be expected to vary only slightly.

On the other hand step (e) is the ionization of M2 and the energy for this

step will vary considerLbly from atom to atom (ranging from 30.6 eV for Fe

to 36.2 eV for Ni). It is expected. therefore, that the variation in AHR

will be mirrored in the variation of the third ionization potential of the

cation. Figure 1 shows that this is indeed the case. It can be seen that

this type of non-stoichiometry is unlikely for MgO, as the third ionization

energy of Mg is very high (80.1 eV)

*Because of this high ionization ener~y, one would expect in fact that

a bole in MgO would be localized on an oxygen ion (rather than on Mg ).

This appears to be observed in electron spin resonance. (16)

Finally it should be remarked in this connection that the evaluation of

ci requires the assumption that one type of defect predominates in the ma-

terial. However Roth(lT) has shown that in FeO there is an appreciable con-

centration of interstial iron, so that reaction (5) should possibly be replaced

by a reaction such as

1/2 02 > 0o + +ej" + 2h (16)

Nov far this observation affects the interpretation of results for

oxides such as CoO, NiO and CU20 (in all of which the predominant defect is

assumed to be cation vacancies) is Dot known. It is worth noting, however,



that for molten salts of the alkali halides there is good evidence for inter-

stitial (in the sense of tetrahedrally coordinated) cations. (18)

It should also be mentioned that information about D may also be ob-

tained directly, from the kinetics of annealing of a crystal containing a

non-equilibrium concentration of defects. An example is to be found in the

work of Thomas, (19) who measured the decay of conductivity of ZnO contain-

Ing an excess of interstitial zinc. Zinc is supposed to dissolve in zinc

oxide according to

Zn ,Zn + et (17)

so that the conductivity is proportional to the concentration of excess zinc

in the crystal and the rate of change of conductivity is proportional to the

rate of diffusion of Zn•.

This type of experiment involves diffusion in a concentration gradient

(i.e. interdiffusion) - a topic to which we return below.

T4peC

A large number of oxides and sulfides exhibit a wide range of non-

stoichiometry. Formerly, tV.L• was desc-ibed in terms of point defects as

for materia.ls of type B. Hc!,ever, detail.;d studies of individual systems

have frequently revealed the exis'ence or r number of closely related

phases of definite composition. Particularly notable are the x-ray studies

of Magneli and his school and the phase equilibria studies of Pyring and

co-workers. Examples of such phases are: TiO2 n,1 with n - 4-10 known, (20)

and WO 3X and MoO 3X which form a large number of phases of composition

Sand HnO3 n- . An extreme example is W2 o58  (W 2'9) 22' Rare

earth oxidos in the range M20, - MO2 afforded another example in which the

existence of a number of stable phases of definite stoichiometry Mn2n_2



has been established. (23)

These results are not surprising as appears on first sight. Some time

ago Bertaut(24) pointed out that, from considerations of electrostatic energy,

a structure with a large concentration of vacancies would be expected to be

very unstable with respect to an ordered phase. Indeed the possibility of

existence of a very non-stoichiometric compound has recently been questioned.(I)

It is profitable to examine the situation in a little more detail. Fig-

ure 2a shows a two-dimensional crystal of nominal composition AB. A few A

atoms have been removedý and clearly those empty A sites should now be

referred to as A vacancies. Suppose now that 50% of the A atoms wore re-

mced in a systematic way giving a compound AB2 . This process has been al-

most completed in Figure 2b; it can be seen that some of the sites that were

A sites in AB are interstitial sites in AD2 . So far there is no difficulty.

Let us. now make a solid solution of AB and AB2 such as shown in Fig-

ure 2c. It 'is not clear any longer whether we should refer to this as AB

with A vacancies or AB2 with interstitial A. However, as mentioned above,

It is in fact rather unlikely that we should have a random solid solution

of this type; the reasoning is as follows.

Referring again to Figure 2b, it can be seen that each interstitial A

ion has four nearest neighbor A ions--a configuration that might be expected

to be rather unfavorable for electrostatic reasons. Magneli(25) has pointed

out that the same stoichiometry can be maintained and yet have no more than

two nearest neighbor A ions for any given A ion. This cse be done as shown

In Figure 3a which is taken from Magnelits paper. (2) The feature to note

now is that most of the ions in the crystal have the same immediate environ-

ment as in pure AB2; the exceptional ions are arranged along zig-zag lines

that run through the crystal. Thus, there are recions of pure AB2 separated

by randomly aligned regions of different stoichiometry (richer in A).
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Adjacent AB2 regions are no longer in phase, and to this extent there is

strictly no longer long range order in the crystal. However, if the perfect

AB, regions are sufficiently large, the x-ray diffraction pattern of the non-

stoichiometric compound will be that of AB

We enquire now as to ionic mobility in a crystal of this type. It is

assumed that it is a very unfavorable configuration when an A haz more than

two A nearest neighbors, so that Jumps that result in this type of configura-

tion will not occur.. This rule severely limits the nux*)r of A ions that can

move at any one time. Figure 3b has been obtained by moving two ions that

can move with the above restriction; it can be seen that in the new arrange-

ment, ions that were previously unable to move can now do so. Eventually

all the A ions will be able to jump. but the number able to jump at any one

time will be rather small. In this sense the number of defects is rather

mall--much, smaller than the number of "vacanuiies" in the crystal.

Figure 3c, also after Magneli, shows how phases of general formula

AnBnl can be built up. This is done very simply by allowing the zig-zag

lines of extra atoms to line up in an ordered way throughout the crystal.

The phase shown is A B9 and is a stoichiometric compound that (as drawn)

contains no defects at all. The real three dimensional phases mentioned

earlier are no doubt much more cowplicated than the two dimensional case con-

sidered here; in particular both cetions and anions will be Involved in the

ordering pr-oess.

To sumarize the discus~bon so &'ar- In a crystal ABnx having a structure

(as revealed by x-ray diffraction) similar to AB., the stoichiometry may not

be a reliable guide to the number of defects able to diffuse. For example,

a vacaney should be defined as a site such that if an atom Jumps into tVat

site the energy of the crystal in unchanged. In this sense the number of
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vacancies may be mich less than the stoichiometric deficiency.

The example we considered in Figure 3a is still a non-stoichiometric

crystal (in contrast to that shown in Figure 3c). It is well known, however,

that we may have a stoichiometric compound with the same sort of require-

ments, namely that a riven ion has a definite number of nearest neighbors,

but in which there is no long range order. A very well known example is that

o Ic Newman (26 ) has successfully interpreted the structure of Ga2S, and

related compounds from this point of view. Superficially these compounds

have a defective ZnS structure, but Newman showed that each ion in the crystal

has a definite coordinLtion, Just as in Ice each oxygen has two hydrogen near-

est neighbors. As Kroger (27) has pointed out, only deviations from the 'ideal'

short-range order in which a given ion has a different number of nearest

neighbors should be considered a defect in the Frenkel and Schottky sensa.

This might well be the case in TiO(2 8 ) and VO (29) for which at the stoi-

chiometric composition the formula based on a rock salt structure is M 0.85%O85.

A possible explanation Is that each metal and each oxygen has 5 nearest neigh-

bors (rather than six as in the perfect rock salt structure). Migration of

(say) oxygen to a neighboring site requires that one metal will have four

oxygen neighbors and one metal six neighbors. These 'defects' can then mi-

grate through the crystal.

The only relevant diffusion work known to the author is that of Condit

and irchenafl on Fe1 6 S. (30) These authors found a non-linear dependence

of the Iron diffusion coefficient on the degree of non-stoichiometry, 8; viz.

Dye 0.1 {,1 . i2 2 up (-fiRT e {eV (19 + 2o6)/RTj (18)

Although ordering of defects at a coepu)itton near Fe7S8 reduced the iron

diffusion coefficient, the effect was less than one order of mn~itude
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change in D e" It appears to the present author that this is strong evL-

dence for short-range order above the disordering temperature. The compli-

cated dependence of L on 6 (which might naively be equated to iron vacancy

concentration) defeats attempts at a simple explanation based on a random

distribution of vacancies.

Finally under the heading of t: ipe C materials we should perhaps include

ecompounds such as NS and Ag2 S in which an almost random distribution of

ions over a number of lattice sites occurs, although the stoichiometry may

be nearly perfect. In Cu2S the copper atoms are in three sites occupied

about 87%,. 35% and 17% respeatively.0(3) This is to be compared with a

cotpletely random distribution in which 33% of each site would be occupied.

In the high temperature form of Ag2S th'e silver is thought to be randomly

distributed.(32) Allen and Moore(33) found an extraordinarily high diffusion

coefficient for silver in this phase, viz.

D 2.8 x lo exp (-3450 ca/ T) (19)Ag

AS* calculated from equation (3), and using a correletion factor f- 0 . 5 0 ,034)

Is very close to zero. This is consistent with a model in which silver is

able to move without creating any additional disorder. Allen and Moore com-

ment further that the D is comparable with that calculated for a gas of
Ag

silver atoms at the saw- temperature and density. Here, then, is one case

where complete randomness is likely.

Oxyen Diffusion

In nearly all oxides except those of formula M02 (and posisbly higher

oxides) oxygen diffusion is considerably less rapid than cation diftufion

(PbO Is one exception). This situation is paralleled by Ctast obtaining for

the halides in which cation mobility is normally greater in the lower halides



but anion mobility greater in .(35) (36) In CdO and TiO2 it appears that

anion diffusiot occurs by a vacancy mechanism, but ,or ZnO, Cu2 0P MgO NiO

and PbS it has been suggestec on the basis of the pressure dependence of

the diffusion cuefficient that an tnterstial mechanism is operating. An

(OT)alternative explanation was offered by Moore aud more recently reviewed
by Woodbury. (38) This theory invoked cooperation o"' cation vacancies in

anion diffusion and would provide an explanation of the observed dependence

of D on a positive power of oxygen pressure. It does not appear possible

to distinguish between these mechanisms at this stage, although in some

instances a general Indication of the mechanism of oxygen diffusion can

be obtained from the anmnitude of the pre-exponential fuctor in the dif-

fusion coefficient.

Thus, writing D D- xp ( - E/RT) we see from equation (1), (2) and (3)

Do (kTh) a2 exp {(Ae +

(kT/h) e2 Is typically about 10-2 cm sec" at l00OC, and ASt is gener-

ally expected to be rather small for diffusion by a point defect mechanism.,(51)

so that if DO is vexy different from 10-2 cm2 sec-I it wili be due to thL

factor exp

For experimezjts at constant oxygen (or sulfur) pressure we can estimate

the order of magnitude- of AS' as follows. If oxygen vacancies are formed

by a reaction such as

20 -;12VQ +o2 (20)

AS will be large and positive intluding not only the contribution from the

gaseous oxygen (60.4 cal deg"1 mole0 1 at 1300*K), but also from the general

loowering of the lattice in the proximity of the vacancy. This might con-

tribute a factor of as much an exp (40 e.u/R - 109 to the pre-exponential
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factor D On the other hand formation of interstitials by e.g.

2VI + 02 --- 201 (21)

will be expected to have a negative AS with .xp (AS/R) perhaps - 10"5,

Compare for example (from Table 2), D0 for oxygen diffusion in MgO which

is thought to occur by an interctial mechanism(39) with Do for oxygen

diffusion in CdO, which almost certainly proceeds by a vacancy mechanism.(40)

Finally, In connection with the subject of oxygen diffusion., it is very

interesting to note that recent measurements of xenon diffusion in several

ceramic oxides(41) gave results surprisingly similar to those obtained for

oxygen. While this may be fortuitous, one is lead to speculate on possible

iechanisms of diffusion in which molecular oxygen (which is similar in size

to zenon) plays a role. Clearly, more experiments of this type would be

very valuable.

Interdiffusion and Reaction

We have so far considered only self diffusion in a homogeneous crystul

as measured for example by tracer experiments. Yowever, for many appli-

cations of interest to the chemist and ceramist it is interdiffusion, with

possible reaction to form a new phase, that is of interest.

Reactions between solid oxides to form new phases and gas solid re-

actions are the subject of a later paper so that they will be omitted here,

the present discussion being limited to two types of interdiffusion process.

These are (a) the interdiffusion'of one component of a binary compound and

the compy.nmd Itself (e.g. 02 and CuO) resulting in a change of stoichi.metry

arid (b) the interdiffusion of two oxides to form a solid solution of the

same structure (e.g. CoO and MgO).

The new features that we have to consider are that now we are concerned
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with diffusion in a concentration &:.adient and the interdiffusion process

will involve a flux of at least two different species. Until the advent of

Isotope tracer techniques, this was of necessity the only type of diffusion

studied.

Formally, the rate of interdiffusion of A .md B is characterized by an

interdiffusion coefficient, given by( 4 2)

cAD + 4cD (22)A B B A

where cA, 0B are the mole fractions of A and B, and D and D are the

diffusion coefficients of A and B in the solution of A and B. It may be

shown that(42)

B B (1 + 6UcB)
(23)*m

D D (1 + dln*? dln)A -A

Where in turn DA, DB are the diffusion coefficients of A and B as measured

in a homogeneous solution of A and B by. for example, tracer methods (i.e.

in the absence of a chemical concentration gradient). YA is the activity

coef.i'icient of A in the solution.

For a binary solution from the Gibbs-Duhem equation we have that

amA B 13Y(25)

so that from (22) we have the Darken Equation:

+ c3D1  (1 + dlnY/dlnc) (26)

* Strictly equation (26) is correct to the extent that there are no

correlation effects and that there is no coupling between the flow of A

and the concentration gradient of B and vice versa. For a more complete
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expression for ' reference should be made to the review by Howard and Lid-

ar(42).

Tturing now to some specific examples let us suppose that B is a gas

that can dissolve in A forming a dilute solution. If A is considered a rigid

matrix then DA c 0 and as the solution is dilute cA i so that equation

(23) becomes

D. DB (1 bO.y bLncB)

If B dissolves in A as ions by a reaction of the sort

B--> By+ + ve" (27)

Then using the well-known formalism of solution theory( 4 3(

B -1 a ±"c (28)aB= a•Y =. .

where a. is. the mean ionic activity and the +,- subscripts refer to B

and e respectively. Assuming an ideal solution of B\ and e we have 4 = Y. = 1

and vc+ a c. so that

a. V CB (29)

anaB/aJmcB U V + 1 (30)

* (31)
and thus + )DB (1

As aL illustration we may take the diffusion of interstitial zinc in

zinc oxide. We have seen that zinc dissolves in zinc oxide by the reaction

ngas -- ,> zn* + e (17)

and the rate of uptake of zinc can be obtained frcm conductivity measure-

IIments.(19) In this example v - ) so that

2 D' (Zj) (32
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Note that D (Znj) is the rate of diffusion of interstitial zinc in

homogeneous zinc oxide and is the defect diffusion coefficient, i.e. D (Zn)

DZn/c (Znj) (cf equation (4)).

The type c" diffusion just considered is moye frequently discussed from

a slightly different point of view. As the electron is more mobile than

the zinc ion it will tend to run ahead creating a 'diffusion potential' §

that enhances the rate of diffusion (accounting for the factor of 2 in equa-

tion (32)). The flux of zinc ions of charge q is then given by

J (Zn) = - D (zn•) dc(Znl)/d), +q /dx (33)

and the flux of electrons is similarly

j (~ = D (e-) de~e )/dx - q dO/dx (34~)

Electrical neutrality requires that

J (C) = J (Zn*) (35)

which together with the inequality

D* (Zn)<< D* (e) (36)

and D (Znj) = -j (Znr4)/(dc(Znj)/dx)

yields equation (32). This type of diffusion is smetines called ambipolar

diffusion.

As a second example, we may consider the uptake )f oxygen by a crystal

MO. We suppose that oxygen is taken up by the reaction discussed earlier

S/2o -- 0 +vo + ho (5)

The mobile ionic species will now be the cation vacancy which we have

assumed ionized as shown. In thin instance we have

S2 DV OT)
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where nov D is the vacancy diffusion coefficient DM/cV.

An experiment of this type could readily be performed as follows. A

crystal of MO at a low oxygen pressure could be suddenly LubJected to greatly

enhanced oxygen pressure (all the time staying within the Tield of existence

of MO, of course). The rate of uptake of oxygen (measured by the change in

gas pressure or perhaps gravimetrically) will then yield the vacancy dif-

.ision coefficient directly. This is a method that deserves more attention

than it has been accorded so far.

There has of necessity been a simplified eccount of interdiffusion for

two simple examples. For a discussion of interdiffusion taking into account

cation and anion mobility und Schottky equilibrium see Brebrick. (45)

We turn now to a second type of interdiffusion - that of two solids

forming a solie solution. For simplicity the discussion will be limited

to on greatly oversimplified example to illustrate the type of behavior to

be expected. The example considered is that of two simple oxides AO and BO

that have been placed together and allowed to interdiffuse.

After a diffusion anneal the iriterdiffusion coefficient may be obtained

from a Matano (46) analysis from
0

t x xdc (38)

where the origin of x (the Matano interface) is defined so that

x de= o (39)

Smeasured in this way does not by itself give sny information about the

magnItude of DA or D'

In order to find out what type of concentration-distance curve to ex-

pect we make the following simplifying assumptions.
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It is assumed that oxygen diffusion is nogligibxe and that cation dif-

fusion is by a vacancy mechanism and further that the concentration of vacan-

cies in pure AO is negligible compared with that in BO.

We have now that

DA = VA cV

(40)

DB DVB cV

where DVAI DVB measure the rate of vacancy diffusion by jump into an A oi a

B site respectively. It will not affect our general conclusions if ve let

DVA =DVB = D v We then have very simply

I = D jCv (41)

cV will depend strongly on the concentration of BO (CB) in the solution;

suppose

CV = C! cB (42)

where n is a rational number of the order of unity. Thus from (41) and

(42) if DO is the diffusion coefficient of B in pure BO:

DV BCD (43)

The expected concentration profile for 16 of this type can be obtpined

by numerical solution of Fick's equation.( 4 7) Figure 4 shows the results

for n = 2, 1 and 1/2. In this diagram cB is plotted against the dimension-

less parameter
x( • l(*t)l2 (44)

The curves of Figure 4 are rather interesting. They show, for exazaple,

that the concentration of B will fall to zero at a finite distance into the

A0 so that there will be a definite rate of advance of the boundary of the



solid solution into AO. This rate is

dx/dt = X(!/v (45).

where X is the value of X at which cB falls to zero.

Although it involves some rather drastic approximations the above anal-

ysis probably described fairly well the general behavior of systems such as

CoO-MgO and FeO-MgO. A recent study of the FeO-MgO system(4) did indeed

show a concentration profile remarkably like that of figure (4) for n = 2.

The OoO-MgO system(49) likewise shows a sharp boundary between 'Co, Mg) 0

and pure MgO, but it should be emphasized that despite statements to the

contrary(49) the rate of advance of the boundary is not a measure of the

rate of diffusion of cobalt in MgO but (cf equation (45)) perhaps more nearly

measures the rate of diffusion of cations in pure CoO.

A complete analysis of a system such as this presents a rather diffi-

cult problem, that has not yet been solved to the author's knowledge. One

difficulty that might be mentioned is that except for the (.ase of n - 1

(vacancy concentrations linearly dependent on concentration of B) the total

number of cation sites is not constant. As a consequence it will in gen-

eral be necessary for the solid system as a whole either to gain or to lose

o.ygen. This will be a particularly importart effect for systems involving

oxides such as FeO where the vacancy concentration is very large.

Diffusion Data

Finally we present in condensed form a sunmary of the data available

on diffusion in oxides and sulfides. Only data directly measured by tracer

or similar techniques have been included. No effort has been made to assess

the reliability of any measuremcnts, as this would be extremely d.ifficult

to do objectively. It must be pointed out, however, that in a few insti,nets
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where measurements have been made independently on the same system, widely

differing results have been obtained. This is no doubt due partly to the

problem of impurities mentioned earlier; however, some particularly trouble-

some anomalies remain. One notorious example is that Of the diffusion of

zinc in zinc oxide. Only two representative values are included in the

table. For a survey of this problem, reference may be made to the paper of

Moore and Williams(50) and the ensuing discussion(51).

In a great number of cases diffusion coefficients are measured in a

constant atmosphere (frequently air) with temperature as the only parameter.

D is then reported as

D Doexp E/R-

It is emphasized again here that it would frequently be very profitsble also

to make measurements in which the partial pressures of the ambient gases

are systematically varied. Where this has been done it is noted iii the

table.

One might inquire as to whether there were any significant trends in
the diffusion coefficients reported. Lindner(52) has made the interesting

observation that for many oxides the cation diffusion coefficient at the

meating point is within an order of magnitude of lO7 cm2 sece - but this

rule is by no means universally true.

The enormous range of reported values for D and E calls for comment.
0

There appears to be no direct correlation between D and F, although as

might be expected, in general ajarge D is accompanied by large E. There
0

is a more direct correlation between DO and E/T ; in figure 5, E/T m is

plotted against log DO0. It may be seen that there appears to be an approx-

imately linear relation between these two quantities for the oxygen data,

and a less direct correlation for cation diffusion.
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These observations present an interesting theoretical challernge.

Ubbelohde(53) has remarked on the very large pre-exponential factor in

many rate processes in solids and was led to suggest that this might be

related to a persistence of activation energy or 'overshoot' phenomenon.

By this means an ion (particularly an interstitial) could Jump several

atomic distances at once. Alternatively one might envisage that, rather

than diffusion by a point defect mechanism, there was a cooperative effect

in which either a cluster or a plane in the crystal moved. For a recent

discussion of the relationship between activation energy and pre-exponential

factor and for further references see reference (54).
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TABLE 2

Solid Diffusant D cmsec cal Coment Reference

C1.u1O Cu 41.4 x lo"2 36.1 55

0.12 37.8 56

O 6.5 x 103  39.3 D- P 12 57

Ag 6 x 10-3 27.6 58

zn 4 x 1o"4 30.0 59

M9o mg .249 '9 (60)

0 2.5 x 1o"6  62.4 P ~ 02 39, 61

Fe 8.83 x 10"5 41.7 62

Co 5.78 x 10o5 47.4 62

Ni 1.80 x 10-5  48.3 62

zn 1.48 x 10o" 42.5 63

Xe -3 x 106  -64 41

NiO Ni 2 x 10 39.6 64

1.7 x 1o2 56 65

0 6.2 x lo- 4 57.5 Do ~ P02 -/2 66

ZnO zn %"-10 73 67

1.3 x 1-o 5 43.5 50

0 6.5 x 10o 165 50

in 2.5 x 732 T 68

FeO Fe 1.4 x 10- 2  30.2 in FeOl.087 69, 13

coo Co 2.15 x o"0- 34.5 P 0. 0-3 1.3

FbO Pb 1o5 66.6 70

0 5.39 22.4 71

CdO 0 8 x lo06  93 D ~ 02"/6

BeO 0 68 72

xe -3 x 10o6 64 41



TABLE 2 (Contlnued)

Solid Difiusant D 0 2 1 Ncal Cogent Reerence

caO Ca o.4 81 73

Sao Ba O 1030 - 275 above 1350"C 74

A'203 0 1.9 x 103 152 T > 1400*C 75

6.3 x 108 57.6 T < 140°C 75

Al 28 114 76

Xe 3 x 10-6 63.5 41

Fe 9.2 x 10-8 27.6 77

012,Cr 4 x103  100 78

0 15.9 101 79

•137 61 80

e•oee 4 1 105 12.o 81

1.3 x 106 100 82

0 10 146 83

Y2o3  1 2.4 x lo 43.9 84

U02  U 0.23 104.6 H.O atmosphere 85
4.3 x 10 88.0 2e- atmosphere 86

others 36, 87

zro2 0 5.1 x 10"3 29.8 (15% Cao) 10

Xe 6.5 x o 8  42 41

T02  0 2 x 10' 60 (.o0% Al2o,) 88

Fe 2 x 10-2  55.0 in air T7

1.9 x 10" 55.4 in vau-Mun 77

Sno2 Sn 6 119 78

oeo2 0 1o"T 28.5 89

(10o.) 27.5 90

Fe o0 Fe 5.2 55.0 o• 0o 69

6 x 0 5  84 - p. 0.4(9'l) 51

2] _•'



TABLE 2 (Continued)

Solid Difbisant Do cm2 sec"I Neal Ccmnment Reference

CaSiO, Ca 7.4 x io4 112.0 81

Psbo3 • 85 59.5 81

PbSio T 8.2 4T 81

SrTiO 0 27.5 independent of F 92

Zne 2 o4  Zn 8.8 x 102 86.o 93

Fe 8.5 x 102 82 93

ZnCr 2O4  Zn 6 85,5 78

ZnC72 o4  Cr 8.5 81.o 78

CoCr 2o4  Co 10o3 51 94

Cr 2 72.5 94

NiCr2 O4  Ni 1.5 x 10"3 61.4 52

Cr 74 72.5 78

0 .017 65 63

ZnA204 zn 2.5 x 10o2  78,0 78

NiAJ 2 04  Ni 2.9 x 10-5 53.5 52

SnS204 6n 2 x 105  109 78

Zn 37 76.3 78

CaFe2 04  Ca 30 86 81

Fe 0.4 72 L1

YFP'5O1 2  0 o.4 65.4 95

AgS Ag 2.8 x 1o - 3.5 In cubic Ag2 S 33

s 2.4 xlo"' 25 U 96

PbS Pb 8.6 x 10-5 35 stoichiometric 97
Pbs

s 6.8 x o"535 ••U

FeS Fe see text equation (18) 30

3103'1*1 240 30



TABLU 2 (Continued)

Solid Difftlsan6c D cm2 E Conent 2eeference

NiS Ni 1.1 x lo 2- 25.5 ,1 c-axis 99

8.5 x 10o3 25.6 . c-axis

S 2.5 x 102  65.r .i c-axis 99

2.2 x 106 87.5 j c-axis

CdS Cd 3.4 46 in sat. Cd Vapor 38
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Chemical Diffusion in WAstite (F3OX)

R. H. Campbell and M. O'Keeffe

Chemistry Department, Arizona State University, Tempe, Arizona



Introduction

A large number of chenical reactions of ccnoiderable industrial importance

involve the diffusion controlled transport of matter in oxides. As examples we

may cite the oxidation of metals, the reduction of oxides, sintering of ceramics

and the formation of ternary oxides (such ah spinels) from binary oxides. It is

clearly of considerable interest to be able to relate the diffusion coefficients

characterizing these processes to the diffusion coefficients obtained from radio-

isotope studies in homogeneous materials.

In order to clarify the definitions used and also to make clear the under-

lying assumptions, we first P?:etch a dcrivatioz of the relationship between the

'chemical' and 'Iracer' diffusioa coefficients, following the general treatment

given fox axample by Darken. 1

SIn an eryperiment in which a i..et flux of matter is observed, a chemical dif-

-usion coefficienW can be defined in terms of the experimentally measured quan-

tities by Fick's equatica

In practice an integrated form of Fick's 'second' equation is usually used but

this is equl.vmlent the definition (i).

To relate D to other measuiabl' quantities it is assumed that the driving

force for isotbermal diffusion is the gradient of electrochemical potential [

so that the velocity of thf diffusing epezies i 1s

v i/ci -ui, graO. tL. (2!

where u is the mobil'ty of species i. Writing

*Ii 0+ R In a
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we have from eqs. (1) and (2)

jU, HT (ln a,/dflnc,) (4)

In order to relate Di to the tracer diffusion coefficient, Di, it is

supposed that in a dilute solution the tracer atom behaves identically to the

solvent atoms and that dln ai/dln ci is unity. However it is possible that

atomic jumps are not completely random but correlated so that we write

Di -f u RI (5)

where f iL correlation factor. We return to a discussion of f below. Sub-

stitution of eq. (5) into eq. (4) yields finally the Darken equation

Di = (1/f) Di (din ai/dln ci) (6)

Wistite (FeOx) would appear to be an ideal material with which to test

eq. (6). It has been known since the experiments of Pfeil2 that oxygen dif-

fusion in negligibly small in this phase. Several concordant measurements of

tracer diffusion have been made3' 4 '5; the results of some of these measurements

are hown in Figure 1. It has also been shown 3 ' 5 that P*e increases with in-

creasing x in FeOx especially at higher temperatures (abuve 900C0); this is a

significant observation to which we return below.

There have also been a number of measurements6,T,8 of activity as a funct;ion

of concentration which are again in good agreement with each other. From these

we have calculated that at 1050"C in FeO

x2
dln aFe /d1n CFe 28.5 x2  (T)

Levin and Wagner 9 studied chemical diffusion in this system by partial
reduction of FeOx. Their results were in fair accord with eq. (6) but interest-

ingly it was found that 1 decreased with increasiug x whereas, if f is constant,
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eq. (6) predicts an increase of 3 with x (both *e and din ae/dln CFe increase

with increasing x).

We decided to exawine this system a little more closely•, to see whether we

could resolve this discrepancy; as will be seen our results are in even less

accord wit'L eq. (6).

Experimental

FeO was made in situ in a vacumm microbalance apparatus by oxidizing 1 mm

thick 99.999% (with respect to metallic impurities) iron from United Mineral

and Chemical Corp. in an approximately equimolar CO02 CO mixture. The material

was always maintained within the field of stabili.ty of wdstite after oxidation.

Examination of the specimen after a series of experiments showed that it was

coarsely crystalline with grains several mm in size and with a hollow core re:sult-

ing from the outward diffusion of iron during oxidation. After equilibration

in a given CO/CO mixture the pressure was reduced to less than 1 mm (oxygen

activity be tng unchanged during this process). A C02/CO mixture of slightly

different oxygen activity was then added and the kinetics of oxygen uptake or

loss by the sample was followed. The diffusion coefficient was calculated

9utilizing the well-known solution for this di 7f2usion problem from the data

for the last 50% of the weight change. The total weight i-ange was typically

several tenths of a milligram and could be measured with a rxecision exceeding

1%. It is characteristic of this type of measurement that only relative weight

changes need be measured but in fact the absolute weight changes agreed well

with the published data. 6 '7' 8 Th" thermocouple was calibreted in situ by

observing the melting point oi' a sample of pure gold hanging in place of the

s..ale.
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Results

Most of the measurements were confined to constant temperature of 1055°C.

Results for two series of measurements made on two different samples are shown

in Figure 2. The general behavior of -e decreasing with x as reported by Levin

and Wagner (and in subsequent measurements reported by Prof. Wagner at this

symposium) are confirmed but our diffusion coefficients are consistently lower

by about an order of magnitude. A possible explanation of this difference is

given below.

Discussion

Representative results presented in Table 1 illustrate clearly that the

Darken equation with f x 1 '.s not obeyed in this system. We feel that there

are two possible explanations for this result.

1. When the composition of FeOx is suddenly changed near the surface there

is a change in lattice parameter. The shaDe of the sample will not be able to

change to acconmodate this change in molar volume so that there will be a stress

gradient across the sample. To relieve this stress there will have to be a

flux of matter normal to the concentration gradient. If the stress gradient is

sufficiently large it is entirely possible that the rate of change of composition

is cuntrolled by the rate of relaxation of stress, i.e. by diffusion of iron in

the ebsence of a concentration gradimt (it is assumed that oxygen can be trans-

ported in the gas phase) as for example, in sintering.

In terms of the equations given above the chemical potential app-sring in

eq. (3) must be replaced by1 0

00
$Fe , 4ie + p (8)

where ae is the activity of iron ih the unot-oseed material and 6P is the

change in chemical potential due to the stress. Explicit expressions for •
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in terms of the stresses and elastic coefficients have been given by Darken, Li

10and Oiani. Eqmuati< (6) becomes now

dl a d(8pj)jt -DIlne 1 - (9)

Only the first term in square brackets is obtainable from equilibrium

measurements. Evaluation of the second term requires a detailed knowledge of

the elastic compliaces of the crystal but it is important to note that it is

of the opposite sign to the first term. We may illustrate this last point by

a vezy rough approximation (not to be taken too seriously, but simply given to

show that the effect of stresses must be taker. into account) as follows. If the

shear modulus is much greater than the bulk modulus we may suppose the stress

to be essentially a hydrostatic pressure P given approximately by

P 1 -(l/3)(AV/V) where f is the compressibility and AV/V the fractional change

in volume of the material that would occur on changing the concentration. 6p

is then fl' i i/O)(AV/V) and finally

1 d(6u) -Vi d(AV/v) (10)

From the data of Jette and Foote" and Levin and Wagner12 relating lattice

V ~~3 -1 l VV/l
parameter to composition we estimate V - 5.0 cm molel, d(AVIV)idln Cpe 0 0VFe F _ok

so that with 8 - 10-6 atm"I the right hand side of eq. (1O) is equal to ab1out

-20 compared with about +30 for dln aF,!dln cFe.

This cmsideration is particularly important for a material of wide compo-

sition r&.ge such as wvstite. For an oxide like NiO for example din a/dln cX

is of the order of 105 so that the second term in eq. (9) will b, relatively mn-

important.
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2. We have still to explain the observation that ie decreases as x in-

creases. This can be explained if f increases with increasing x, as is quite

possible in a 7.4hly defective material such as wdstite.

In a system containing a dilute so.ution of vacancies jumping strictly at

random f will be less than one due to the fact that tracer jumps are not random

but sequemntially correlated with a higher than statistical probability of an

immediate return jump. If however one has a concentrated system of defects

their jumps will no longer be random but on the contrary it is likely that there

is correlation between two (or more) sinmltaneous atomic jumps. This will be

because of interactions between defects such as vacancies making certain con-

figurations more stable. Simultaneous jumps that preserve the integrity of the

complex will then be preferred over random jumps.

It is quite likely then that the decreasing D observed in this system

reflects an increase of f from 0.78 for a dilute solution of vacancies in the

(hypothetical) material with x close to unity to a value somewhat greater than

one in material with x - 1.1. It is possibly significant in this connection

that D appears to level off at a composition close to the WJ -. W2 transition

of Raccah azd Valiet 7 which is likely to represent an ordering nf defect clusters.

Chemical diffusion in the FeOx (w~stite) system Indicates that the Darken

equation does not correctly predict the relationship between chemical and tracer

Tt is possibly helpful to consider tv. extreme examples. In a direct

place exchange mechanism of diffuason by tracer atom a net flux of matter

(or ionic conductivity) in not possible so that f --. . way of contrast the

'caterpillar' mechanism proposed by Yokota 1 ' and which consists essentially of

simultaneous linear jumps. The net flux of atoms can be much greater than that

of tracers so that f << 1 (Note that f defined by Y',kota is the reciprocal of

that used In this paper).
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diffusion coefficients. A modification of the Darken equation is proposed

which takes into account the stresses present in an inhcvogeneous material.

The results also indicate that in very defective materials (such as wAstite)

the correlation coefficient may well be concentration dependent.

Reseituh sponsored by the Air Force Office of Scientific Research, Office

of Aerospace Research, under grant NrAF-AF0M-719-65.



Table 1
Observed and calculated chemical diffusion coefficients in PeO

x

T*C x 06 .- ca 6..,°x 1.0o ] (ca0c) D0 (obs) Author
1100 1.125-1.05 2.7 3.2 Levin and Wagner
11oo 1.125 1.10 6.7 0.87 " it
1055 1.07 2.5 0.15 This Work
1055 1.13 6.1 0.m6 ,

Caiculated from eq. (6) with f a 1.
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Fe0 1.09
0

-7 *

D* D (cm 2 sec-')

( (4.1.10' 3)exp(-27.8 kcal/RT)

log D

~ -8

*Carter & Richardsono Desmarescaux &\Lacombe
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Introduction

In mazy non-st9ichiometric oxides with ionized vacancies, the conductivity

is proportional to the departure from the ideal composition. This is the case

for example in CoO. 1 In Cu2 O the co•. ctivity is accurately proportional to

the square root of the vacancy concentration (as shown by the oxygen pressure

dependence of conductivity2 and vacancy concentrationd). It would appear

possible therefore to use conductivity as a measure of composition of the

sample, and indeed several authors4 have used this fact to follow the kinetics

of interdiffusion in oxides.

It is necessary homtever to proceed with caution as in general the apparent

conductance of an inhomogeneous sample is not proportional to the average con-

centration of defects. Provided trat there is local electrical neutrality,

(i.e. in the absence of a space charge) it is possible however, to relate the

local conductivity a to the local ccncentration of defects, c.

We have considered the case of a rectangular prism -a1 < x 1 < al,

-a 2 < x2 < a2  -a 3 < x: < a3 with porous electrodes on the xl, x2 faces so

that the conductance can be measured in the x3 direction. We suppose that the

initial conductivity cyi is due to an initial homogeneous concentration of

defects c,. For times greater than zero the surface concentration is held at

cf so that the conductivity comes to a value Cf as t - -,. The concontration

at any point in the material is then given by the well-known expression

c (xl, x2 , x3) - cf - (cr-ci) S (tl) S (C2) s (93) (1)

where

a(2/r) I [(.l)n/(r1/2)] exp cos (n./2)ntj± (2)
DuOO
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and in turn

/ xa ; 1= Dt/ai2 (3)

The local conductivity is a(xl, x21 x3 ) and as discussed above we have

a(x~ xc2,' x,) = A[c(x1, x2- ,,)jf (4)

with A a constant and m usually 1 or 1/2.

The apparent conductivity, cT, measured in the x3 direction is obtained by

multiplying the conductance of the sample by the length/area ratio and is re-

lated to the local conductivity by
-'-1

a 3 3 dx

aa2 -a al 2 a dx2 dx 1

From eqs. (5), (4) and (1) one obtains after scme manipulation

f 1 -- - 1 - ' (6)
a-a l-Cr

where I = / 1  1+(lm -i ~ ~ ~)1mdg, d 2

end Cy - ail/a

It is of interest to compare E as given by eq. (6) with the corresponding

quantity W n (vf-V)/(wvf-w) where wf and Vi are the final and initial amounts

of defects. The expltcit expression for W is given in reference 4.

In Figure I we ahow W and £ as a function of the dimensionless quantity

Dt/a2 for various shape samples ad values of afa 1 for the case m = 1. It
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may be seen that in general W and E are very close to each other for long, thin

samples when of/0i is not very different from unity. In other cases however

the assumption that E = W may lead to large errors in the calculated diffusion

coefficients.

Aplcation to Cuprous Oxide

Attempts to study interdiffusion in cuprous oxide using a vacuum micro-

ba..ance technique were severely limited by the nature of the material. Spe-

cifically, at teaperatures above 1000C evaporation is very rapid so that the

small weight changes upon change of stoichiometry are hard to determine. At

lower temperatures the cuprite phase field is very narrow; again precluding

reliable measurements. For these reasons we decided to resort to electrical

measurenents in this system.

Two single crystal specimens were used; sample I was 4.50 x 4.65 x 6.34 mm

and sample 2 was 1.91 x 1.91 x 15.9 zm. In each case the conductivity was

measured along the longest direction using two probes. After equilibration at

low oxygen pressure, ox),gen was rapidly admitted to the sample and the con-

ductivity monitored as a function of time. Strictly, in order to use the

expressions derived above for E, porous contacts covering the whole face of the

crystal should be used. The use of smaller contacts is likely to be less serious

in the case of sample 2. As conductivity changes are very rapid, the sample

current with known constant applied voltage was recorded with a recorder speed

of 6 inches/minute. Plots of E versus log t were superimposed on theoretical

plots of E versus log (Dt/a2) calculated according to eq. (6). The difference

in the abscissa of the two plots in equal to log (ra) so that D is re2dily

calculated. As the conductivity is very esterature sensitive it is quite

poisible to measure erroneous values of of; however, this becomes evident when

the experimental curve is ccupared to the theoretical curve, and any experimental
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results differing significantly from the theory were rejected.

Because of the very rapid diffusion observed there was considerable scatter

of the experimental results. These are reported in Table 1 with results for

each crystal at each temperature reported as an o erage. The results for sample

2 were In general better and are in fair agreement with the theoreti.cal values

(discussed below). The results for sample 1 are too high; it is not clear at

present whether this is due to the fact that the experimental conditions did

not conform to the boundary =onditions used in deriving eq. (6) or whether

effects such as surface diffusion are significant.

Theory for Cuprous Oxide and Comparison with Experiment

We can calculate the expected interdiffusion coefficientL' as follows.

Neglecting oxygen diffusion,5 the rate of interdiffusion of oxygen and Cu201+x
*

will be given by the Darken equation

Cu a/u3a c (7)

where D*u is the tracer diffusion coefficient of copper in cuprous oxide.

According to Moore and Selikson6 at an oxygen pressure of 0.1 torr

lOg 10 DCu= - 1.36 - 79CO/T (8)

Under the same conditions it was found by O'Keeffe and Moore3 by direct

gravimetry that

log 1 x - o.02 - 4760/T (9)

Objections raised in the previous paper to the Darken equatiwv are not

valid here. This is because now din a/din c is very la•rg (- 10) and we are

comsidering a dilute solution of vacancies (< 0.1%).



with

Sn X/B In P~ 0.27 (10)

Nov setting din a/din c 1/2 d3z P,/i <lx n ealigta

we obtain from es. (7) - (10)

Do D --1.31 - 3140/T (u)

Table 1 also records 1 as calculated from eq. (11). The agreement with

sample 2 id really quite remarkable when it is remembered that the three separate

measurements being compared are all subject to large errors. Perhaps the most

dW,!Zicult measurement is that of the non-stoichiometry x and it is gratifying

that the interdiffusion results do confirm the order of magnitude at least of

the previously reported results.

The I reported here may be interpreted as a vacancy diffusion coefficient.

The very high diffusion coefficients are in accord with the observation that

internal equilibrium can readily be reached in cuprous oxide down to very low

temperatures.2.7 It is worth remarking also that in general cation mobility

is very high In the chalcogenides of the univalent metals.

This research was sponsored by the Air Force Office of Scientific Research,

Office of Aerospace Research, United States Air Force, under AFOSR grant

Nr. AF-AFOO-717-65.



Table 1

Measured and Calculated Values of± log1 O 5 in Cu2 0

T0C Sample 1 Sample 2 Calculated

933 1 -3.4 (1) -3.6 (2) -3.71

973 ± 1 -3.15 (5) -3.4 (2) -3.63

1001 + 1 -3.2 (3) -3.75 (4) -3.57

1032 _: 1 -2.6 (2) -3.45 (3) -3.51

1064 + 1 -2.5 (2) -3.4 (5) -3.4

Numbers in parentheses are the number of separate
measurements at that temperature.

Calculated from eq. (U).



Figure 1 - Thecretica! curves for conductivity and weight change ae a

function of time for various shape samples. The numbers on

the curves are the values of Ci/Of. The curves labeled W

refers to weight change, the others to conductivity change.
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A Fortran Program to calculate cmductivity and weWht as a fumction of t~n
during interdIffus io.*

The fo2l3odng program is dealpAed to calculate E and W as described In the

previous paper. The necessary input data are provided on three cards.

card (a) title in alphanumeric form in columns 1-80

card (b) m as a floating point number in colu=@ 1-10

card (c the values of wY/a1D a/a2 and ai/Ot in COlIs "o 1  -D2 0'D

21-30. For the most useful range of output a2 should be 2 a1 .

This set of three cards may be repeated for each sample; the final card after

all the sets should be blank.

The output is B.A3 a 0 3 Dt/a 2 , 1oim 0o (S)), a a w. In thehead'

I4/LX Yal ay a1 ; /Ly O a,/ 2 ,

The program has been found to rin well for m a 0.5 and 1 (in the latter

case a wacl- simpler program could be devised) and for ai/cf < 1. 2be program

is (d.,ubtless inefficient but the demand in computer time Is modest so that

little effort has been made to strimline it. A series of calculations for

cme sample taes about five minutes usibg a CDC 3400 coPuter.

* *itten by V. J. Woa.
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PROGRAM DIFCON

,C PROGRAM TO DETERMINE DIFFUSION COEFFICIENTS FROM CONDUCTIVITY
-C MEASUREMENTS
C BRUTE FCRCF INTEGRP.TION
C OMEGA MLST BF LESS THAN 1 (GAS UPTAKE)
C OMEGA = SIGMA INITIAL / SIGMA-FINAL
C EM z DEPENDENCE OF SIGMA ON CONCENTRATION, THAT IS,

C C SIGMA = CONSTANT*CONCENTRATION**EM
C A32 A3/A? LENGTH OF Z AXIS OF CRYSTAL / LENGTH OF L.ONGEST 0
C X OR Y AXES

C C A31 A3/AI LENGTH OF Z AX!S OF CRYSTAL I LENGTH OF SHORTEST 0C X OR Y AXES
C A3j SHOULD BE A LARGER NUMBER THAN A32C COMMON SK(50), PROD(50), A31, A32, EETA3, X13, OMEGA, EM

DIMENSICN TITLE(20)
LOGIOFX = LOGF(X)/2.3025851

c P = 3.1415926536
944 READ 970, (TITLE(1), I 1, 20)
970 FORMAT(2OA4)

C READ 900, EM
42 FORMAI(1H1)

IF(EM) 943, 942, 943
C 943 READ 900, A31, A32, OMEGA

9C0 FORMAT(3FIO,o)
PRINT 972

972 FORMAT(IHI)
PRINT 970,(TITLE(I), I = 1, 20)
PRINT 010, EM, OMEGA

910 FORMAT( 5H M z, F6.3,10X, 19HSIGHA I / SIGMA F :,. F7,4)
PRINT 911. A.11, A32

911 FORMAT(gH 1,7/LX =, F8.4, 4X, 7HL7/LY =, F8.4 //
C PRINT 926

926 FOPMAT(6X, 5HFTA3, 5X, 914LOG(UETA), 5X, ,HSIGMA, 6(, 6HWCIGHT)
A = 10.0*LOGI0F(A3t)

C KL.lG = A
AA = KL.CG

AALCG = AAIl0.0
PETLOG -4.5 - ?.O*AAI.OG

909 DO 9310 KIN = t, 50
PETLO( = HFTLOG + 0.1

r: 1.�IFTA, FXPF(tiiirt-on,*2.,i w25Ml)P•ROO(1) =0.0
(;A.LL. ~I~PS{3h(S I p)

K_ S!tIMA* (1.0/(tA - flMFjA,)).(i.0 - (1.fl/SIMP)
PETA1 = A31#A31*0ýETA3
81. TA;) = A,52*A 52*14 TA3

CALL SI,*PWr(CP;TAt. 'iTX, F-M)
IF(A31 - AQ) 96n. 91l, 060

9ý,1 WTY WTX
r, r) T• (.67

960 CAI.L SI'F"WT(-ETA;), WTY. Htl)
91,7 If(AAI - .) 0t62, Q63A, 9629 6,ý 1TI !: WTX

GO TO) 065
062 IF(A,42 - 1. ) QA4, 9AOS, 964
Q e'A, W77 - WTY
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GO TO 965

964 CALL SIMPWT(RETA,3o WTZD EM)
965 WTCHNG zWTX*WTY*WTZ

PRINT 925, BETA3, HF.TLOG, SIGMA, WTCHNG
C925 FORMATCF13.6, F11.4p Ft2.4. F11.4)

IF(SIGMA - 0.0001) 944, (730, 930
930 CONTINUE

C Go To 944
942 CALL EXIT

END

FIN 1.4 DATE 08/25/67 AT 021257 PAGE NO, 1
SURROUTINE SIMPSflN(SIMP)

O COMMON SK(50), PROD(50), A31, A3?o EETA3, X13,. OMEGA, EM
NINCZ 43
ZINC 0.025

oX13 0.0
CALL BINOM(BINI'
SIMP = ZTNC.-(3I.L f3INT)
PINTIý 1.fl/.INT

C PRINT 4.1, RETA30XI!. BINTI, SIMP
0036 JSIjMP = 1, NINCZ

A.ISIHP = JSIm.P
X13 ZlNC*AJSIMlP
IF(JSIt¶P - ?,'NCZ) 26, 27,. 27

0 26 IF(XYOpF(JSImP, 2)) 28, 29, 28
2 1 CAI.L 9IN0OM(9INT)

P A N eI.: 4.0 2'INC/(8INJT*3. 0
S 114P =SIMP + PANFL
PRNTI :: l.f/PINT

C PRI~NT 41, 9IETAA.X13, 81NT1. SIMP
o Go To mO

29 CALL PINOMMPINT)

o SMPIP SIMP + PANEL

C PRINT 41. DTA3,LI3, H3!Nrl. SiMP
o ,) Tn 30

V7 CALL UjKOH(RINT)
P A NF.L: 7 1INC/(HI N T- 0)
S I IP --SIMP + PANFL

c PR IIN T 41, 'QWTAi.XI3, qINli. SIMP

30 CrHNTINLE

j-ý n



FTN 1.4 DATG 08/25/67 AT 021257 PAGE NO, ISURROUTINE SXI(BETA, X1, S)(' • C COMPUTATION OF SERIES FOR S TO RE USED IN SIMPSON INTEGRATION
C TO OBTAIN INTEGRAL OF S**K

IF(BETA - 0,0003) 112, 112, 113C 4-12 IF(Xl - 0.9) 114, 114, 115
113 IF(BETA - 0.001 ) 117# 117, 118
117 IF(XI - 0.8) 114, 114. 115

C 118 IF(BETA - 0.003 ) 122, 122, 123122 IF(XI - 0.7) 114# 114, 115
123 IF(BETA - 0.01 ) 127, 127, 128

C 127 IF(XI - 0.4) 114, 114, 115128 IF(BETA - 0,03 ) 132, 132, 115
132 IF(XI - 0.0) 114, 114, 115

C 114 S = 1.0
RETURN

115 CONTINVL;
C Pi 3,1415926536

S 0.0
DO 310 MM 1, l00
NPT =M - 1
ANPT = NPTANPH = ANPT * 0.5

SARG = RETA*ANPH*ANPH*PI*PIIF(ARG - 175.0) 308, 3G8, 309

308 FACI = 1.0/EXPF(ARG)
GO TO 306

309 TERM z 0.0
GO TO 331306 FAc2 = COSF(ANPH*PI*XI)
IF(XMO0F(NPY,-1) 30A, 33r, 604

305 FAC3 = 2.0/(ANPH*PI)
Ci GO TO 3023C304 FAC3 = -2.n/(ANPHvPi}

302 TERM = FAC3*FACI*FAC2
IF(ARSF(FAC2 ) - 1.OE-051 303, 303, 327

327 IF(NPT - 3) 313, 303, 328328 IF(ARSF(TiRM/S - 1.0F-n5 3 31, 303
3C3 S = S + TERM
310 CO)NTI K UE

RFr LN
331 S +S TERM340 FORMAT(04 •PT =, 13, 1PX. •HS =, F9)95, 10X 6NHERV , E12.5)R•TUpN
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SUBROUTINE PRODSK

,C- SUBROUTINE TO DETERMINE PRODUCT OF SK(8ETA1)*SK(BETA2)
COMMON SK(50), PROD(50)o A31, A32, BETA3, X13, OMEGA, EM
IF(PROD(1)) 710, 711, 710

710 RETURN
711 BETA = BETA3*A31*A31

C IF(A31 - A32) 750, 751, 750
C C 750 PRINT 735, 8ETA3, BETA

735 FORMAT(9H BETA 3 =, F10.6, l1X, 8H8ETA I z, F10.6)
C GO TO 782

C C 751 PRINT 733o BFTA3, BETA
733 FORMAT(9H BETA 3 =, Fl,.6, 10X, 17HBETA I BETA 2 -9 F10.6)

C 782 PRINT 172
C172 FOFRMAT(6H XI , 5X, 5HS , 3X, 3HC , 40X, 5HSK(K))

CALL SIMP12(PETA)
DO 720 MN 1,25

720 PROD(MN) SK(MN)
IF(A31 - A32) 716, 717, 716

716 RETA = 2ETA3*A32*A32
' C PRINT 734, RETA3, BETA

734 FORMAT(9H BETA 3 =, F10.6, lIX, 8HPETA 2 F, F10,6)
C PRINT 172

(.." CALL SIM'P12(PETA)
DO 730 tN = 1.25

730 PROD(MN) = PROD(MN)*SK(MN)
RETURN

717 DO 740 PN = 1,25
740 PROD(MN) = SK(MN)*SK(MN)

RETURN
END

FTN 1.4 PlATE 08/25/67 AT 021257 PAGE NO, I
SU.ROUT I NE FI NOM L1INT)
COMMON SK(50), PROD(50), A31, A32, PETA3, X[3, OMEGa, Eli
PINT 1.0
RCOFF =1.0
DD 830 KRI = I, 25
K = KBI
AKPI = KRHI
RCOEF = PCOEF*(F.1-AKflI•..0)/AKPI
FAC : = (nmFGA**(I. 0/FM) -

CALL SXI(U FTA3, XI3, S)
FAC,2 S-*K
CALL PRCOSK
F 'ACi = PR•oFl( K, )
TERM = PCOFPV*F4Ct4r*FAr2,FA(3
IF(KPI - t1) P,2 63?, A2

8•. IJ ( AfP ( T P. /;'3 I NT) - 1. O r-n- ) 05 3u 1, 831 , 832
A,,us i INrT PINT * 1`0 M
S3O COtJT INAIE

PI (URN
S HINT = HINT + T* RM
P40 F(IRk AT(4V K j.- 1., X, 6. W[INf 2, 1-12.9, lOX. 6HTIAR'l , 1-12.5)

RF TURN
F_- N t)
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SUPROUTINE SIMP12(RETA)

C SUBROUTINE FOR SIMPSON INTEGRATION OF S(XI1), S(X12) TO GIVE ALL
COMMON SK(50), PROD(50), A31, A32, BETA3, X13, OMEGA, EM
Pl a 3.1415926536
XI a 0.0
ZINC z 0.020
NINCZ = 50

C111 CALL SXI(BETA, XI, S)
150 DO 152 MN 1, 25
152 SK(MN) = ZINC*S**MN/3,0

C 1.0
C PRINT 171s XI, S, C, (SK(L), L 1,9)

DO 180 JSIMP = 1, 49
SC AJSIMP x JSIMP

XI 2 AJSIMP*7INC
115 CALL SXI(BFTA, XI, S)

C 139 IF(XMODF(PSIMP,2)) 140, 141, 140
140 DO 142 ION = t, 25

PANEL 40O*7INC*S**MN/3.0
C 142 SK(MN: SK(MN) + PANEL

C = 4.0
C PRINT 171, XT, S, C, (SK(L), L 1,9)

GO TO 180
141 DO 144 MN 1, 25

PANEL 2.tn*7INC*S**MN/3.0
144 SK(MN) SK(MN) + PANEL

C = 2.0
C PRINT 171, XI, Sr C, (SK(L), L = 1,9).

171 FOPMAT(F6.3, F10.5, F6.1, 9F10.5)
180 CONTINJUE

C PRINT 172, (SK(L,, L = 1, 9)
172 FORMAT(22H 1.000 0.00000 1.0, 9FI0.5)

C PRINT 173
173 FORMAT(IHI)

RE-TURN
END

Fr4 1,4 CATF nA/25/•,7 AT 021257 PAGE ;'0. 1
SSUr'ROUT INE S lPWr(HFiTA,WT,F-M)

C Cr0',ITATION rv cn.\LIr rIVIriY CHANTt. A3 CAI.CULAI FO t•F WE IGHt
C cflH k, E FvniILJm AS

P i 14 t59? • 53A
SUt 0. 0
Or) 4•(•O 1, K0O

Tf:I•M -(1.nI/(.A;J~.').*?)*. \PF(-t3ITrAPIPr*CAN•' * (.•*2

4 1 kl R~ q 1 .:-Th ¾'t, ti, 84'• !,;Hj, : LM *' T: H

4(;t WT U()+,1/(P[ ,I''*U't 1 I.FM)

!R: T • RN
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